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ABSTRACT
A study w?s made of the potential for reducing the dependence of rail-
roads on petroleum fuel, particularly Diesel No. 2. The study takes two
approaches: (1) to determine how the use of Diesel No. 2 can be reduced
through increased efficiency and conservation, and (2) to use fuels other
than Diesel No. 2 both in Diesel and other types of engines. The study
consists of two volumes; Volume I is a summary and Volume II is the tech-
nical document.
The study indicates that the possible reduction in fuel usage by
increasing the efficiency of the present engine is limited; it is already
highly energy efficient. The use of non-petroleum fuels, particularl' the
oil shale distillates, offers a greater potential. A coal-fired locomotive
using any one of a number of engines appears to be the best alternative to
the Diesel-electric locomotive with regard to life-cycle cost, fuel avail-
ability, and development risk. The adiabatic Diesel is the second-rated
alternative with high thermal efficiency (up to 64%) as its greatest
advantage. The risks associated with the development of the adiabatic
Diesel, however, are higher than those for the ^oal-fired locomotive. The
advantage of the third alternative, the fuel cell, is that it produces
e!2ctricity directly from the fuel. At present, the only feasible Biel
fir a fuel cell locomotive is methanol.
Synthetic hydrocarbon fuels, probably derived from oil shale, will be
needed if present Diesel-electr ic locomotives are used beyond 1995. Because
synthetic hydrocarbon fuels are particularly suited to medium-speed Diesel
engines, the first commercial application of these fuels may be by the
railroad industry.
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INTRODUCTION
Presen + Iy, the American railroads ship over 35% of the freight in the
United States. This service is second only to pipelines and barges in
energy efficiency and serves a wide range of customers. With rapidly in-
creasing transportation fuel costs, the railroads can become an even more
important means of freight transportation. Because about 99% of their
fleet consists of Diesel-electric locomotives, the railroads are dependent
on the supply of Diesel No. 2 fuel. This fuel oil has changed from a
relatively cheap and readily available commodity to one having an Increas-
ingly limited supply and higher cost. There has been, therefore, a growing
interest in improving the fuel economy of locomotives and in finding al-
ternative fuels for use in these same engines.
The ob ; ective of this project is, therefore, to assess ways of reducing
the dependency of the railroads on petroleum fuels. To achieve this objec-
tive, the present state-of-the-art Diesel-electric locomotive and the most
promising future engines, transmissions, and alternative fuels are identi-
fied, defined, and characterized. Comparisons are made between the current
Diesel-electric system, improved Diesel-based systems, and new systems
using other engines and power sources. These comparisons should identify
tho most premising improvements to th-) Diesel-based systems for short-
range applications and the most promising successors, if any, to the Diesel
in the longer term.
Recause, a ca i t road locomotive  has a long service I i fe, roughly 0 years,
it will he a long time before any new concept can be incorporated into the
fleet in significant numbers. In the short term, retrofit improvements
are very important. Improvements can he made to the Diesel-electric loco-
motive which can decrease its fuel consumption by about 20%. Fxamples of
potential improvements include combustion chamber and fuel system changes,
bottoming cycles, improved accessories, turbocompounding, and the adiabatic
Mosel engine. Another way to reduce the dependence on petroleum is
usinq non-petroleum based fuels. Recent work in this area indicates that
within certain limitations, the medium-speed Diesel engine is a multi-fuel
engine. The limitations are that: (1) the cetane number should be above
'(O, (') the viscosity should be low enough to prevent pumping problems,
and 0) the lubricity should he high enough to maintain fuel system wear
at an acceptable level. These limits can be mot by a wide range of petro-
leum and non-petroleum fuels.
In the short term, it is desirable for locomotives to be modified
for energy conservation and alternative fuels. In the long term, an assess-
ment must he made as to whether the Diesel-electric is to remain the pre-
forred system. Ro_o1,5e of the high cap itoI costs, eIectrifi cat ion is at-
tractive only for Pigh traffic density lines. These lines form only a small
percentage of they raiIread routes 1n the United States. There is and will
continue to be a need for locomotives that carry their own energy supply.
Of the alternative engines, gas turbines have not proven particularly
energy efficient. Improvements in ceramic components and heat exchangers,
however, may change th;s situation. Certainty, the multi - fuel capability
of the gas turbine make;, it an attractive candidate. The Stirling engine
has the potential for good efficiency but also has significant heat transfer
and manufacturing problems.	 Fuel cells are highly efficient energy con-
version systems which produce do power irectly. The size, weight, and
fuel requirements of fuel cells are the major concerns in their application
for locomotives.
This railroad study was divided into three phases. The first phase
established performance and cost methods and baseline data for typical
present-day locomotives. The second phase was concerned with Diesel-
electric locomotive system improvements and alternative fuels for Diesels.
The third phase was devoted to new engina systems and life-cycle cost
analyses. Each phase was about 7 months g ong with a separate informal
report being issued.
The results of the various phases of the study were presented to the
Re/iew Board for discussion and comment. The Review Board was made up of
representatives of locomotive manufacturers, fuel suppliers, operating
railroads, universities, and government agencies. The meetings of the
Review Board stimulated discussion and comments which have been incorporated
into this final report.
CRITERIA
How were the various modifications, engines, and other options selected
for study? The basic criterion was: does a proposed approach reduce the
petroleum fuel dependency, of the locomotive? This question can only be
answered when taking a number of factors into consideration. The thermal
efficiency of an engine is directly related to its fuel consumpt`on. The
availability of a fuel, under certain circumstances, becomes more important
than efficiency. Cost is another important consideration which wil! always
be present and frequently is a determining factor. Technical feasibility
is as important as cost in many cases. For example, with some alternative
fuels, the technical feasibility has been established and the projected
costs are not excessive, but the current supply is inadequate and the long-
term supply depends on the technical and cost feasibility of the manufac-
turing method. This is true of some of the synthetic fuels, particularly
coal derived liquids.
In the alternative engine area, some proposed engines are designed more
for increased power than for increased fuel efficiency. The other extreme
is where improving the efficiency can result in an engine that is so large
and heavy, or so complex that it is not practical for use on a locomotive.
There are definite limits to the width, height, and weight of the locomotive.
The criteria can be summed up as follows:
(1) System reliability.
(2) Petroleum savings.
(3) Technical feasibility.
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(4) Favorable economics.
(5) Availability of the fuel supply.
(6) Safety.
Other considerations are:
(1) Width restrictions.
(2) Height limits.
(3) Total and per axii weight limits.
(4) Overall length.
(5) Maintenance.
(6) Logistics.
These last two items, maintenance and logistics, are more specifically
railroad oriented. With any new engine or modification to an existing
engine, there will be changes in maintenance procedures. As a general
rule, any additional maintenance should be minimized. An improvement in
fuel economy may require an increase in maintenance which must be within the
capability of the railroad shops. For some alternative fuels, the logistics
of supplying the fuel along the lines may be a deciding factor. The problems
associated with the shipping, storage, and handling facilities for an exotic
fuel may he enough to eliminate that fuel from consideration even if all
other factors are favorable. The alternative fuels are competing with
Diesel No. 2 and with each other and there are many factors involved,
Including site-specific ones. Similarly, alternative engines are competing
with the Diesel engine and with other alternative engines.
DIESEL-ELECTRIC LOCOMOTIVE MODIFICATIONS
The present day locomotive Diesel engines are highly developed but
there is some room for improvement in the combustion chamber, the valves,
and the fuel injection system. These changes are more evolutionary than
revolutionary in nature. Among the possible engine modifications examined
are increased maximum cylinder pressures, increased turbocharger boost
pressures, and reduced piston speeds. A possible thrre percentage point
gain in thermal efficiency can come from increasing the maximum cylinder
pressure to 3000 psis. The turbocharger boost pressure could then be
Increasod as well. A four percentage point increase is possible if the boost
pressure is increased to three atnvispheres. A reduction in piston speed
of 37% could result in a net improvement of one and one-half percentage
points. If these three modifications were used together, the gain is eight
percentage points in thermal efficiency. The loss of power because of re-
duced engine speed is countered by the increase resulting from the higher
cylinder pressures. The engine would be heavier but about the same overall
size as the present engine. These changes would require an extensive
engine redesign. There is no modification to existing engines that would
have a signifIcaot effect on fuel consumption except the addition of exhaust
heat recovery syslams.
Approximately one-third of the energy in the fuel leaves the engine in
the exhaust gas. One way of increasing the overall thermal efficiency of
the engine system is to recover some fraction of this energy and turn it
into useful work. Bottoming cycles are one means of recovering this energy
and consist of three main types:
(1) Power generating cycles.
(2) Charge heating cycles.
(3) Fuel reforming cycles.
The power generating cycles convert exhaust energy into useful work
through such options as turbocharging, Rankine engine compounding, and
Stirling engine compounding. Turbocharging is already in use on many loco-
motive engines. R trofitting of turbochargers to existing non-turbocharged
engines is possible and, in many cases, desirable. The type of service in
which the locomotive is used and the mechanical problems with the engine it-
self must be considered. Line-haul locomotives would benefit from retrofit-
ting but locomotives used for switching and short-line service are not good
candidates for it.
Charge heating cycles use the engine exhaust energy to heat the air,
the fuel, or the fuel-air charge, before or after compression. It was
found that this type of bottoming cycle is not attractive for locomotive
Diesel engine applications.
In fuel reforming cycles, the exhaust energy is used to convert a
liquid fuel into a gas mixture thi;+ has a higher heating value than that of
the original liquid fuel. Direct decomposition and steam reforming are the
most attractive of these cycles. Each of These t%o cycles are suitable only
for certain fuels. Direct decomposition is practical only for methanol.
Methanol and ethanol can be steam reformed using the exhaust energy from
conventional Diesel engines. Steam reforming of hydrocarbon fuels requires
higher exhaust temperatures and is o p ly marginally suitable for adiabatic
Diesel engines. A variation of this type of cycle is the partial oxidation
of the fuel with heat recovery from both the partial oxidation process and
'rhe engine exhaust.
The energy efficiency gains which can be achieved using bottoming
cycles vary widely.	 In notch 8, turbocharging results in about a three-
percentage-point improvement in thermal efficiency. Depending on the
working fluid, the specific engine, and the space limitations, the Rankine
bottoming cycle can improve the thermal efficiency by two to five percent-
age points. The Stirling bottoming cycle can be used only on an adiabatic
Diesel engine and can result in a four- to five-percentage point gain.
The fuel reforming cycles are more complex than the power generating
cycles. They affect both the engine inlet system and the exhaust system.
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The gains in thermal efficiencies are also larger. The direct decomposition
of methanol could result in an eight percentage point increase in thermal
efficiency. The steam reforming of methanol will yield a five-percentage-
point gain and the reforming of ethanol can heve a nine-percentage-point
gain in thermal efficiency. Partial oxidation reforming is limited to
about four percentage points for all fuels. The direct decomposition of
methanol is the simplest of the fuel reforming cycles and is iearly the
most efficient one as well. The greatest disadvantage to the fuel reforming
cycles is the limltef number of suitable fuels.
In addition to the modifications of the engine, modifications to the
rest of the powertrain must be considered. The auxiliary equipment, the
transmission, and the dynamic braking system, all use engine power and
affect the fuel consumption of thi4 locomotive 3s a result.
The auxiliary power used for the equipment blowers, air compressors,
radiator Fans, and auxiliary generator on a typIcaI 3000-hp locomotive
ranges from about 25% of gross engine output it notch 1 to 61 in notch 8.
The major items are the equipment blowers and the radiator fans that absorb
about 215 hp in notch 8. Improved aerodynamics could reduce this figure by
about 8% and the use of demand controls could reduce power by another 5
to 7%. The manufacturers have already made major improvements in this area
in the las-r 3 years.
Present versions of dynamic braking require using the engine to provide
power for fans and bowers during braking. The power generated in the do
motors is dissipated in resistor grids. Ideally, it should be possible to
supply all of the power needed by the locomotive from the dynamic braking
power. Unfortunately, this power is not always in a usable form. The
voltage of the power from the motors varies with motor speed and does not
match the needs of the blower motors. If the power could be conditioned
using modern solid-state devices so that it could be used, then the engine
could be operated at low idle during dynamic braking. The savings in fuel
is estimated to amount to some 4000 gal per year for a typical 3000-hp
locomotive.
The present electric transmission is efficient and there are no changes
that could be made that will have a significant effect on fuel consumption.
The relative merits of ac versus Jc motors in the transmission have little
effect on energy efficiency.
The various engine and locomotive modifications are ranked in Table 1.
This ranking has many qualifiers attached. For example, the direct decom-
position of methanol is a viable option only if metnanol is a viable fuel.
The Stirling compounded bottoming cycle can be used only with an adiabatic
Diesel engine. These options are ranked not only on their efficiency gain
but on their costs, complexity, maintenanc-. requirements, and the range of
engines to which the options could be appl; -
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Table 1. Relative Ranking of Diesel Locomotive Modifications
1. Rankine compoUnd bottoming cycle
2. Direct decomposition of methano;
3. Stirling compounded bottoming cycle
4. Increased turbocharger boost pressure
5. Increased maximum cylinder pressure
6. Turbocharger retrofit
7. Accessory power reduction
8. Dynamic braking engine power reduction
9. Reduced piston speed
10. Partial oxidation fuel reforming
11. Steam fuel reforming
12. Electric transmission modifications
13. Leaning out the air-fuel ratio
ADVANCED DIESEL ENGINES
The Diesel engine has been under development for nearly a century and
has become an efficient prime mover. This engine, in turn, can be combined
with other thermodynamic cycle engines to produce even more efficient
systems. These combinations wero ;nitially discussed in connection with
the bottoming cycles for use with conventional Diesel engines. Advanced
Diesel engines are unconventional with multiple cycle engines that can
achieve efficiencies well In excess of today's engines.
Turboeompounding an engine is using a turbine in the exhaust system
to convert waste energy into power which is added to the crankshaft power.
It is not a new concept; turbocompounded spark ignition aircraft engines
were hu11t in the 1940s. Turbocompounded truck Diesel engines r.re cur-
rently under development. There a:-e no known instances of its use on loco-
motive Diesel ero'nes.
A series of Diesel engine changes are shown In Figure 1. Figure 1-a
shows a truck or industrial Diesel engine rated at 500 hp, but is equally
applicable to four-stroke locomotive Diesel engines as well. The turbo-
compounded version of this engine shown in Figure 1-b haF a rated output
power of 581 hp, 16% greater than the base engine rating of 500 hp. More
important, the BS FC (brake specific fuel consumption) of the turbocom-
pounded engine is nearly 9^ less. Alternately, the thermal efficiency of
the engine Is three percentage points higher.
Because most of the methods proposed to Improve the thermal efficiency
of the engine system depend on the use of exhaust gas energy, is logical
to try to diveri the cooling system heat into the exhaust system. The
adiabatic Diesel engine is shown in Figure 1-c. Instead of a cooling
jacket, the cylinder is insulated to prevent heat f-cm flowing away from
the combustion chamber. Similarly, the cylinder head, valves, and piston
crown are insulated.
	
In this configuration, the amaunt of heat lost to
cooling Is reduced i3 percentage points to only 17% of the total Input
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energy. The exhaust gases contain about 42$ of ' the total heat and the
exhaust gas temperature has Increased by 400°F. The high energy content
of the exhaust gas suggests that more than one heat recovery system could
he used. The adiabatic Diesel shown in Figure 1-c has two heat recovery
systems, turbocharging and turbocompounding. The last system on this
figure, Figure 1-e, "Rankine Bottoming Cycle" uses throe; the Rankine
bottoming cycle, turbocompounding, and turbocharging. The additional heat
recovery systems have a marked effect on BSFC and on thermal efficiency.
The adiabatic Diesel engine has a thermal efficiency seven percentage
points higher than the turbocompound engine and 10 percentage points
higher than the base engine.
The walls of an adiabatic engine are very hot. On test engines, they
are red hot. As a result, the materials and lubricants used In this engine
must be able to withstand the high temperatures and the stresses imposed
by Diesel engine operation. Ceramics are, therefore, an integral part of
the adiabatic engine design because no other class of materials will
stand up to the high temperatures. Designing reliable ongine components
with ceramics, however, is considerably more difficult than designing them
with metallic materials. The failure mode of metallic parts is usually
quite+ predictable but the mode of failure for ceramic parts is less pre-
dictable. Thus, to avoid failures, ceramic parts should be stressed low
and their quality control be kept high. 	 Some of the ceramics that could
he used are:
( 1)	 ifot pros-:nd s i I i con n i tr i de.
(2)	 Sintered silicon nitride.
(^) React Ion  bonded silicon nitride.
(4)	 Lithium aluminum siliCate-
0) A I um i num s i I I sate.
(h) Silicon carbide.
The lack of high temperature lubricants is a major problem in developing
the adiabatic Diesel enginn. There are solution.,, available, however. One
,elution is to eliminate lubricants entirely. The minimum friction engine
uses this approach. Gas bearings are used in the piston-cylinder Iinor
interface and ceramic roller bearings for the wrist pins, crank pins, and
main crankshaft boarings. Solid lubricants would be used for gears, valve
quides, rocker arms, and push rod assemblies. One version of the minimum
friction eng i no is shown in Figure 1-d. This version uses only the gas
hearing at the piston-cylinder liner interface and uses a conventional oil
system for the remAining hearings. As a result, 9$ of the input energy
gees to ttie oil cooler. The onq i ne power in this case has i ncreasod from
900 tip to 715 hp and tho BSFC has dropped to 0.25 lb/hp-hr. The thermal
efficiency is 55%, 16 percentage points better than the base ongine.
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The addition of a Rankine bottoming cycle to the fourth configuration
results in an output power rating of 815 hp and a BSFC of 0.22 lb/hp-hr.
hp-hr corresponding to a thermal efficiency of 63%. The exhaust gas from
this engine system contains only 12% of the input heat. Approximately
one-third of `h n 'peat wasted by the base engine has been recovered in
this engine to produce useful energy.
The gains in efficiency are as impressive as the problems of devel-
oping the engine. The ceramic parts needed are larger than any yet made from
these materials. A better understanding of the failure modes of ceramics
is needed. The reliability of ceramic parts in this kind of application
must be established. The savings in fuel, and in fuel costs, possible
with the adiabatic engine provides a strong motivating force to solve these
problems.
Several unconventional Diesel engines that are not adiabatic Diesels
were investigated including the augmented Diesel, the Hyperbar Diesel, and
the regenerated Diesel. The augmented Diesel en g ine is a turbocharged,
turbocompounded Diesel engine with a gas turbine type combustor upstream
of the power turbine. By controlling the fuel flow to the combustor, an
additional 200 to 400 hp could be produced but, the BSFC would be markedly
higher. The use of a Rankine bottoming cycle would lower the BSFC but
does not result in an engine significantly more efficient than the base
Diesel engine.
The Hyperbar Diesel engine is another engine that uses an auxiliary
combustor in the exhaust system. It differs from the augmented Diesel
engine in that the combustor is upstream of the turbocharger turbine rather
than the power or turbocompounding turbine. The turbocharger in the Hyper-
bar engine has a 10 atmosphere boost rather than the 2 to 3 typical of
conventional Diesels. The losses in the system balance the gains in effi-
ciency so that the BSFC and thermal efficiency are nearly equal for a
conventional and a Hyperbar engine. The Hyperbar engine, however, would
he considerably smaller and lighter.
One unusual e.igine which does show possible fuel savings is the
regenerative Di m - : engine. In this engine, part of the engine exhaust
energy is trai arred to the compressed air before the injection of the
fuel. There is a gain in thermal efficiency of about three percentage
points but the mechanical complexity plus the additional losses of heat
and pressure make the engine impractical.
The various advanced Diesel engines are ranked in Table 2 by their
thermal efficiency. The last two are considered to have a zero gain in
thermal efficiency. They could have a decrease under certain conditions.
The adiabatic Diesel engines show the greatest potential for increased
thermal efficiency. Not shown in this table are the partial adiabatic
engines which use a combination of ceramic and cooled metallic components.
They may be thought of as intermediate steps in the development of an
adiabatic Diesel engine but they are practical engines in their own right.
It may not be possible to build fully adiabatic engines with the size
necessary for a locomotive but a partial adiabatic could still provide a
substantial gain in thermal efficiency.
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Table 2. Rankings of the New Diesel Engines
1. Adiabatic turbocompound Diesel engine with minimum friction and
rankine bottoming cycle
2. Adiabatic turbocompound Diesel engine with rankine bottoming cycle
3. Adiabatic Diesel engine with Stirling bottoming cycle
4. Adiabatic turbocompound Diesel engine with minimum friction
5. Turbocompounded water-cooled Diesel engine
6. Turbocharged water-cooled Diesel engine
7. Regenerated Diesel engine
8. Augmented Diesel engine
9. Hyperbar Diesel engine
The "mature" or "ideal" Diesel engines are also not included in Table
?. These engines are not really practical engines but were conceived to
determine the thermal efficiency limits of Diesel engines. One engine is
hased on a water-cooled engine of essentially conventional design using
the various modifications investigated in this study. The maximum thermal
efficiency is about 48%, or about eight percentage points more than
present engines. The other engine is based on a fully adiabatic engine
with all of the modifications, bottoming cycles, and other locomotive
changes. The maximum thermal efficiency in this case is 64%, 24 percentage
points above today's Diesel engines.
The Diesel engine is capable of much higher thermal efficiencies than
present engines if multiple cycle systems are used. A well-developed adia-
batic Diesel with two or three stages of exhaust heat recovery will probably
he the most efficient heat engine possIble. However, the cor.,;.'4xity of
this engine system must be considered along with the fuel and cost savings.
ALTERNATIVE ENGINES
The Diesel engine is not the only engine that can be used In loco-
motives. Over the last cent--ry and a half, reciprocating steam engines,
steam turbines, and gas turbines have all been used. If the railroads'
dependency on Diesel No. 2 fuel Is to be reduced, it is necessary to examine
engines other than the Diesel.
In the realm of alternative engines the principal candidates are gas
turbines, steam engines, Stirling engines, and fuel cells. There are
numerous variations of these generic engine types. No attempt has been
made to explore all of the possible engines but rather to determine the
rel-': vo merits of the various generic types.
Table 3 lists the principal engine types and the specific versions
examined in this study. For this study, the fuel cells are considered
engines although, they operate on principles quite different from the
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Table 3. Types of Engines
Diesel engines
Conventional with exhaust heat recovery
Modified conventional
Partial adiabatic
Full adiabatic
Full adiabatic
Adiabatic with exhaust heat recovery
Steam engines
Reciprocating drive
Steam turbine-electric
Gas turbines
Open cycle, internal combustion
Open cycle, external combustion
Closed cycle, external combustion
Reacting gas, external combustion
Stirling engines
Liquid fueled
Solid fueled
Otto cycle
Stratified charge rotary
Naval A(:ademy Heat Balance engine
Other
Fuel-cell
Sodium heat engine
other engines. The sodium heat engine, also known as the alkaline metal
thermal energy converter, operates on principles different from either the
fuel cells or the other engines.
The steam engines or Rankine cycle engines were used for nearly a
century and a half by the railroads until they were replaced by the Diesel-
electric locomotives. A new steam engine would bear little resemblance to
the old engines except that the working fluid in the engine is steam. The
biggest change will be in the coal combustion system. The old locomotives
at full power could lose half of the coal, unburned, up the stack. The
combustion efficiency of a new combustion system would be 90 to 95% in
notch R. To he compatible with existing Diesel engines, the controls of a
a
new steam engine would be by notches rather than the old throttle lever
which was continuously variable. Both steam turbines and steam pistons
could be used. Each type has its advantages and the type of service in
which the locomotive is used is important.
The basic system used by Rankine cycle steam engines is shown in
Figure 2, regardless of whether it is a turbine or a piston engine. With
new advances in cylinder lubrication and ring materials, the efficiency of
the piston engine is approaching that of the turbine at full load and may
be better at part load. The system efficiency of these engines will be, at
least 13%, and may be as high as 25%.
The gas turbine was used before by the railroads. These old gas
tir • bines were simple cycle, internal combustion engines and had a number of
problems, Including blade erosion and high fuel consumption. Any new
gas turbine should be regenerated. That is, exhaust energy should be used to
heat the compressor outlet air, and if coal is used, it would have to be
externally fired.
Three types of regenerative gas turbines were examined for use in a
locomotive; internal combustion open cycle, external combustion open cycle,
and external combustion closed cycle. These three engines are shown
schematically in Figure 3. The internal combustion open cycle engine is
dependent on liquid or gaseous fuels and because its thermal efficiency is
not expected to he as good as that of a Diesel engine, it is not the recom-
mended choice. The external combustion gas turbines can use a wide variety
of fuels such as coal, wood, and crude oil as well as other liquid and
gaseous fuels. At this time, the closed cycle gas turbine is more attrac-
tive than the open cycle.
The Stirling engine has the potential to be more efficient than the
Diesel engine. As yet, this potential has not been demonstrated. The
Stirling engine is a much more complex engine, both mechanically and thermo-
dynamically, than the Diesel or the ocher alternative engines examined.
In the Stirling, the working fluid is moved between cylinders as shown in
Figure 4 or between the top and bottom of the same cylinder. Because it is
an external combustion engine, the Stirling can use the wide range of fuels
typical of such engines. This fact, coupled with its high thermal effic-
iency potential makes it a very attractive engine. At present, however, no
Stirling engine exists in the size needed for a locomotive. There is a U.S.
Department of Energy program ai Los Alamos to develop large Stirling engines
for stationary power generation applications and this effort may make the
StIrIInq locomotive practical. The problems involved in the development of
the engine are formidable and the engine cannot be expected to be in pro-
duct!on before the mid 1990s.
Fuel cells are also attractive for locomotive applications in the
middle to late 1990s and beyond. They combine high efficiency (50% and
above) with simplicity of operation. The fuel is converted into elec-
tricity without all the moving parts typical of the Diesel-electric loco-
motives. The process by which this Is accomplished is shown in Figure 5.
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(a)	 1b1	 110
Types of Single Acting Engine Arrangements
(a) Piston-displaces, in the same cylinder
(b) Piston-displacer, in separate cylinders
(c) Two-piston machine
Schematic Representation of a Double Acting,
Four-Cylinder Stirling Engine
Figure 4. Stirling Engine Schematics
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Figure 5.	 Conceptual Diagram of a Phosphoric Acid Fuel Cell
At present, the only fuel cell sufficiently develcpod to be seriously
considered is the phosphoric acid cell. The only fuel which is attractive
for this application is methanol decomposed into a hydrogen-rich gas.
This dependence on a single fuel is one of the primary disadvantages of
the fuel cell. Experience with the New York City and the Tokyo fuel cell
installations for utilities may have a strong influence on the future of
fuel cell locomotives.
There were a number of other types of engines examined in the study and
an even larger number that received cursory examination. It was not practi-
cal to examine in detail more than a small fraction of the possible engine
systems.  Four which received some attention because of their unusual nature
are the Naval Academy Neat Balance engine, the stratified charge rotary
engine, the reacting gas Brayton cycle engine, and the sodium heat engine.
More than anything, they demonstrate the wide range of possible alternative
engines and may ildicate the direction of future engine research.
The thermal efficiencies of 18 different engines are shown in Table 4.
The engines include Diesel engines with various modifications, advanced
Diesels, and the alternative engines. The efficiencies range from 20 to
64%. These efficiencies are for the engine alone in notch 8. System
efficiencies (fuel to rail) involve the effects of auxiliary equipment
and powertrain efficiency, and are typically about two-thirds of these
values. Average sys tem efficiency involves the part load characteristics
of the engines and the duty cycle of the locomotives. Average system
efficiency values are abcut half of The figures In Table 4 but vary markedly
from engine to engine.
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Table 4.	 Ranking of Engines by
3
Thermal	 Efficiency
1
Notch 8
Engine Thermal	 Efficiency,
1. Long term "mi^ture" 64
adiabatic Diesel	 engine
2. Adiabatic turbocompound Diesel 59
engine with minimum friction and
Rankine bottoming cycle
3. Adiabatic turbocompound Diesel 54
with Rankine bottoming cycle
4. Adiabatic turbocompound Diesel 52
with minimum friction
5. Adiabatic Diesel	 with Stirling 51
engine bottoming cycle
6. Short term "mature" 50
conventional Diesel	 engine
7. Phosphoric acid	 fuel	 cell 49 (46)b
using methanol
8. Conventional
	 Diesel	 fueled	 by 47
directly decomposed methanol
9. Advanced Stirling engine using 46
liquid
	
fuels
10. Conventional	 Diesel	 with Rankine 45
compound bottoming cycle
11. Open cycle,	 internal	 combus.'ion 42
regenerative gas turbine
12. Closed cycle, external
	
combustion 40
regenerative gas turbinea
13. Present Diesel	 engine 40
14. Open cycle, external combustion 39
regenerative gas turbinea
15. Advanced Stirling engine using 39
a f l -; i d i zed
	
bed combustor
16. Advanced stratified charge rotary 35
combustion engine
17. Second generation new steam engine 28
I	
18.
I
First generation new steam engine 20(17)c
Notes: a Efficiency based on shaft power to alternator
using ceramic heat exchanger in fluidized
bed, turbine inlet temperature is 2250 'F.
b Efficiency based on do output rather than
shaft power. Equivalent shaft efficiency
will be 49%.
c Efficiency based on cylinder output to
wheels, equivalent shaft efficiency will
be 20%.
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If liquid fuels are available, the Diesel and advanced Diesel engines
are the best choices for the remainder of this century. Beyond that, the
Stirling and fuel cells may be used. The use of coal requires an external
combustion engine and, in this case, the nas turbine and steam engines are
the likely choices with the Stirling engine as another possibility.
ALTERNATIVE FUELS
A different approach to reducing the dependency of the railroads on
petroleum-based Diesel No. 2 fuel is the use of non-petroleum fuels and
petroleum fuels other than Diesel No. 2. These alternative fuels may
be dlcohols, coal and liquid fuels derived from coal, oil shale derived
hydrocarbon fuels, vegetable oils, and inorganic fuels such as hydrogen.
In addition, `here are the blends, slurries, and emulsions thal" can be
made from these fuels and from petroleum-based fuels. The number of
candidate fuels is over 30 and there are a large number of blends, slurries,
and emulsions. The total number of possible fuels is in excess of 100.
Alternative fuels have been used by the railroads in the past. Wood
and coal were used by stei: •n locomotives for well over 100 years. Several
railroads, including South4 Pacific and Union Pacific, have used residual
oils to Diesel engines at '.arious times.
A list of candidate fuels for use as straight fuels is presented in
Table 5. These fuels are divided into groups based on their source except
for the alcohols and for hydrogen and ammonia. The emulsions, solutions,
slurries, and blends listed in Table 6 can be used in addition to the
straight fuels.
The use of an alternative fuel in an engine affects more than jl:st
the engine itself. The storage of the fuel on the locomotive and at a
refueling terminal must be considered. Safety hazards, toxicity and mate-
rial compatibility are as important as viscosity and heating value.
Because of the wide range of fuels to be evaluated, a suitable method of
comparison has to be devised. The method that was Implemented is based on
the concept of functional properties rather ^-han the physical and chemical
properties normally used. Functional properties are defined as properties
of the fuel that are related to engine, locomotive, or railroad system func-
tions. These properties are not rated on an absolute basis, but on a rela-
tive basis. Because locomotives now use Diesel No. 2 in a Diesel engine,
it is important to know how each of the alternative fuels compare to this
fuel.
For each combination of a fraI and a functional property, a relative
value is determined by comparing it to Diesel No. 2. This value is then
multiplied by the weighing factor of the particular functional property to
get an individual score. The individual scores are totalled to get the
final score for the fuel. The ranking of the fuels is based on these
final scores which have no other significance than as a means of ranking.
Table 5. Candidate Fuels for Diesel Engines
Petroleum	 Coal	 Alcohols
Diesel No. 2	 Powdered coal	 Methanol
Gasoline	 Coal derived gasoline	 Ethanol
Light distillate	 Coal derived distillate
Naphtf, ,	Solvent refined coal	 Vegetable Oils
Lube s ; z;.;k
Broadcut fuel oil
	
011 Shale
	
Cottonseed oil
Jet A
	
Corn oil
Kerosene
	
Oil shale distillate
	
Peanut oil
Methane
	
Oil shale gasoline
	
Olive
Butane
Propane
	
Inorganic
	
Tar Sands
No. 4 fuel oil
No. 5 fuel oil
	
Hydrogen
	
Syn-crude
No. 6 fuel oil
	
Ammonia
Table 6. Slurry, Emulsion and Blend Fuels
Slurry fuels
Coal in Diesel fuel
Carbon black in Diesel fuel
Petroleum coke in Diesel fuel
Flour in Diesel fuel
Cornstarch in Diesel fuel
Wood Fibers in Diesel fuel
Coal in water
Lmulsi:.i Fu.`!s
Water in Diesel fuel
Methanol in Diesel fuel
Ethanol in Diesel fuel
Petro i Burr. Blend  FueIs
Gasoline in lube oil
Heavy aromatic naphtha
in Diesel fuel
Gasoline in Diesel fuel
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The 22 functional properties used in this study are listed in Table
7. This Iist is applicable for all types of fuels and engines. For example,
ignitability is related to cetane no. in a Diesel engine, and has little
significance in a gas turbine en^lne. The weighing factor used for each
functional property would vary wit`) the type of engine system. The proper-
ties are divided into four main categories depending on whether they affect
combustion, engine operation, logistics and storage, or n,-:ntenance and
safety.
The rankings of the 41 fuels, slurries, emulsions and blends for
appllca`lrn in Diesel engines are shown in Tables 8 and 9. Similar tables
have been generated for other engines. The rankings of the 18 slurries,
emulsions, and blends are separate from the straight fuels. The highest
ranked fuel in Table 8 is the petroleum based hroadcut fuel oil. The
second highest ranked fuel and the highest ranked non-petroleum fuel is
oil .,hale distillate. The lowest ranked of the si-aight fuels is ammonia.
In general, the emulsions, slurries, and ble;ids have scores well belco
many of the straight fuels. For example, the highest ranking slurry, 201E
coal in Diesel No. 2, has a score of -13 which corresponds to tenth place
In the straight fuels list.
Not all of the fuels investigated are suitable as long-term replace-
ments. Three basic ways to use these fuels are as emergency, extender,
and replacement fuels. Emergency fuels are intended for short term usage
in the absence of the reqular fuel. in choosing emergency fuels, there
should be little or no engine or locomotive modifications required.
('+enerally, proper blending of the fuel wili eliminate any need for modi-
fication. Blends of petroleum products, synthetic hydrocarbons and alcohols
are well suited to use as emergency fuels. Increased maintenance may be
Tahle 7. Functional Properties
Combustion Related Properties
Igni -abIIIty
Flame speed
Power density
Combustion rate
Smoke
EngineOperation
Energy density
Pumpability
Boiling point
Pour point
Vaporization
Lubricity
Logistics and Storage
Future cost
Future avai;ability
Water reactivity
Tank volume
Special tankage
Stabilitv
Maintenance and Safety
Special equipment
Compatibility
Lubricant reactivity
Toxicity
Fire, hazard
20
W- ,
m.Y NkON^^ 'AfnLr%0%00 O%Or OD ON 00MMM NM^
c c ^	 ^ ^ ^^^ •-^ N	 ^	 ^ NNN
•-	 f0
LL cr-
- m
fO L co r- r 00 M ^ v r s!N t0 tt to -cf tt^ ^ ^	 ^ M M to
N	 ^- M^^ ^ to to ^O ^O r I M+ M O N co
0 Q 1	 7I t	 l 1	 1	 1	 1	 1 1	 1	 I ^-	 1
I- Lo f	 1
fD
U
c
fo	 >
cCD fl m V NONN NNtnlnLn 0 nOOfT ^OON0 f7%wNTCv- -	 1	 +	 1 I	 I	 r-- 1	 N N	 ^ 1^ MM^
c m m 1 1	 1	 1 1	 1 1	 I	 I 11+
-	 fn
m
U	 m
Ql
W c L OMhlMtn MMry ct MMC» N_ ^N1tn0tn Mr^
m
+0 ++	 I ++ I++ 1	 1	 I I +	 I N to1 ++
O	 co
J
c
O
CD --C: +-
•-	 fo 0,0 0 r -T %P O NM^00 atMqrKlqr __ ^0)L I+++ +^ f	 I I r ^NN M	 I	 i	 1 .4,^
c m 1 1	 1	 1	 1 1 I	 I	 I
L-1 a
0
c
O
4-(n N1 0 0 ko O O O^ M to ^ M V,q:r v O	 N^ N O r r7 - I
	 N 1 + + ^ rn ct t0 ^ r- M
•i I 1	 1	 1	 1	 1 1	 1	 1	 1	 1 1	 1	 1
E
^
O
U
O
m fD
- c fD
- O - c
O V1 N - •-O - co -
m 1s+- O -_
- - fn N
-	
1D O O O m	 •- m 0
- O 4) m	 fT
w
>>M U 1D m m m N
d- O+- 1D 7	 7- a L L- • - C	 m
c m'o +- D c m	 m v	 p- m 0 0 m m m m w
•-	 -	 U1 U 0 c fD c c O L"0 o L L
• 	c
- +- +- Q 0 m c m 19Tt to t0 m e 4)t /1	 to Q  O
O L L fD to O r m f1 L to L	 ^-
uf nrn y O +- L+- +-
 O
m m M-- 7 L m m 0 M L O O O m +- 0 0 0 •- - A	 O0 z -i -jcc mQ. ZZZX W a. 0000 2¢UU-
N
OZ
fD
fD
n
O
fD
f
m
m
C-1.
m
M
LL-
O
rm
c
_Y
c
m
d
m
C
LL
QI
H
21
A Y
c c
U. a'
— 
N
a L
O O
Q1
U
c
A
c
QI D Ql
}- C v-
c a A
ro
N
U ^1
+ D A
N C L
to O
N
J
c 4-	 I'
mM L
C 4)
w n
c?
r
N
pE
O
f-0pnrnnWD	 f14^ON0000%0	 K10d d •- -firN
►MMNN W Ot	 C O a M	 f+1NNhN Id N M M K1 •-•• 	 N to 04 1*	 • - (N - - 1 N
1	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1
0C.)C.-)Or?%D
	 d •cf a r-nN	 ONOONC%
1	 1	 1	 ^-	 1	 1	 1
%0MNN0 d	 K fP	 (14 0cT	 O00700C,! 1	 1 +	 + +	 N I
1	 1	 1	 1	 1
ul 0 d d (Y\ •-	 M UI cn1 MC7 M	 Cl CD CN x%11
1	 1	 1	 1	 1	 1	 1	 1	 ^
N r cP tp •-- tO	 %0 C% 04 i-- fV l-- 	 O r N N CB L^
N 1 1 1 1 i	 1 1 1 1; 1	
1 1 1 1
	
I
N
O
ANQ1
n
O
QI
m
cr
N
v
C
A
m
v
c
ro
tfi
c
O
to
E
W
NL
L
to
m
LL
O
ChG
Y
CA
Q;
A
c
w
rn
m
a
^ d
N
C1	 m
a n	 o
C c
r^ O NA a+ c
L{- +-	 c a ". __ ^" 4-	 •-
L 41 V U A +- -- L L'	 L)
y •- A A +- U O O n n-
- w r- w- U A a t0 A c
to •+- ._	 L	 C	 IV-4- C	 c VI •-
U1 C •-	 to	 :3	 7 %►-	 C 0
Q1	 fD O N - to to L 7 ? V u .- -
o
N	
Kw	 `" -+-+-n oL xL U U	 IA 0 O to c c	 c.
7 a	 L 7	 M pn	 N V •- •-	 --
'	 d^I
C1
N U	 L d w KC)	 1 tD N 41 L	 L 41 7tp ._ \p — O O — — — c c A a c ►
— C—	 +- ► — I	 I	 c c 0 0 co •- •-
m $ O L to m L L A Z c C
L
ILO
T x 	 z^0C39 ^3KIt77wu
N	 lA VA"Vk rl tnKKvk"^ K L elVAIA%A rKVk
+- 0 C) v th00m
:3 @	 QO OC30 m0000CC>M a K1 f-- %M U'1 co^NNNNNN Q.-Fn
22
necessary with these fuels and their long-term use is not usually recom-
mended.
An extender fuel stretches the supply of Diesel No. 2 when it is
Inadequate. In general, the use of extenders may be either long- or short-
term. One requirement of an extender fuel is that it can be mixed with
Diesel No. 2 and that a stable mixture results. In some cases, such as
methanol, an emulsifier is required.
Because extenders are used for a longer period of time than emergency
fuels, the requirements for engine compatibility are greater but more
extensive engine modifications are permitted. The changeover from Diesel
No. 2 to a replacement fuel can be facilitated if the replacement fuel
can first be used as an extender. The fraction of the replacement fuel
can be gradually increased until it becomes the only fuel.
A replacement fuel totally replaces Diesel No. 2 either by taking its
place in a Diesel engine or by its use in an alternative engine. Coal
used in an external combustion engine is one such fuel. As a replacement
fuel in Diesal engines, oil shale distillate is the most attractive of the
non-petroleum fuolS. No modifications to the engine or locomotive are
required. It Is well suited to the medium speed Diesel engine and the
prospects for an adequate supply at a competitive price looks good for
the year 1995.
For non-Diesel engines, coal is the best fuel when used in an external
combustion engine system. The supply is ample and stable. Its cost is
expected to remain well below that of petroleum or synthetic hydrocarbon
fuels In the foreseeable fu aure. The technology of coal combustion has
improved in the lest 10 years to a point where it now appears feasible to
build a clean, efficient coal-fired locomotive.
In the future, railroads will probably use more than one fuel in their
fleet of locomotives. The use of one fuel in the past was convenient and
economical, but now, economics and supply problems dictate a multi-fuel
future.
COAL COMBUSTION
Coal is probably the most attractive of the alternative fuels from the
cost and availability standpoint. The biggest drawback to its use is
that It Is a difficult fuel to burn cleanly and efficiently. The biggest
problem facing the coal-fired locomotive is the development of a combustion
system that will burn the coal in an efficient and environmentally accept-
able manner and that will fit into a locomotive.
There are a wide variety of ways to burn coal. These can be grouped
Into four main classes: direct open-chamber, direct in-bed, gasification,
and liquefaction. Direct open-chamber combustion burns coal by the injec-
tion of powdered coal or by the use of a grate. Direct In-bed combustion
is the complete burning of the coal in a bed of some other material. The
hod may be a fixed bed or a fluidized bed and the bed material may be
23
either Inert or one that reacts with a combustion product. Coal gasifica-
tion Is an indirect combustion system. The reactions are In two main
steps; (1) the production of the coal gas, and (2) the combustion of the
gas with air. The two reactions are separated in both time and space.
Liquefaction is a similar process except that the intermediate product is
a liquid rather than a gas. The coal liquid Is not likely to be consumed
immediately and may, In fact, be further processed before It is used.
Of these four classes, only the direct in-bed and the gasification
types are likely to be used on a locomotive in which raw coal is carried as
the fuel. Coal gasification was used In the steam engine with reciprocating
drive and a direct in-bed system in the form of a boiling fluidized bed for
the steam turbine-electric locomotive. It was also used for the external
combustion gas turbine and one of the Stirling engines.
Both the fluidized bed and the gasification combustors exist in more
than one form. There are at least seven different fluidized bed combustors
and at least ten coal gasifier systems. Which ones are best suited for use
in a locomotive will require a much more detailed analysis than is possible
in this study. It is also possible that more than one system is suitable
for this application.
LIFE-^YCLE COST ANALYSIS
Many of the new engines are technically feasible for use in line haul
locomotives. Many of the fuels are also technically feasible for use in
these engines. The economic feasibility of both the engines and the fuels,
however, must be considered. The relative economic merits of these engines
and fuels have been ranked in terms of their life-cycle casts which include
capital, fuel, maintenance, and operational costs.
The detailed method of calculation used in this analysis is based on a
costing methodology developed by the Jet Propulsion laboratory and (10CUmon-
tod in The Cost of Energy from Utility-Owned Solar Electric Systems, JPL
Report FROA/JPL-1012-76/j, June 1976. Although this model was originally
developed for utility applications, it is actually much more general. fly
using financial data from cooperating railroads and from the open litera-
ture, the model provides a present value lifecycle cast consistent with
the accepted practices of engineering economics.
The life-cycle cost of a specific locomotive represents the present
value of all of the cost incurred in purchasing and operating a locomotive,
including a normal rate of return on equity. More specifically, the3 calcu-
lation Implies that all capital, operations, maintenance, and fuel costs
have been accounted for. Factors such as taxes, depreciation schedules,
rates of inflation, and system service life are also considered. All of
the individual must costs for all of the locomotives must be as consistent
as possible.
2'4
The fundamental equation of the annualized IIfe-cycIe cost method-
ology is:
AC	 = FCR x Clpv + CRF k,N (OPpv + MNTpv + Flpv)
The terms are defined as:
AC	 =	 Eevelized annual life-cycle cost
FCR	 =	 Fixed charge rate
Cipv	=	 Present value of all capital investments
CRFk,N =	 Capital recovery factor based on capital cost k and service
life N
Orpv	=	 Present value of operating costs
MNT pv =	 Present value of maintenance costs
FI_pv
	
=	 Present value of `uel costs
To have consistent cost figures for all of the cost areas, it is
necessa ry to have a single cost reference. For this study, it is the
Wholesal e) Prico Index. Values of the index for the past 20 years were used
to predict values for the next 20 years. From these values and historical
data, cast correlations In terms of constant dollars were established
and cost predictions for specific feels, maintenance, and other parameters
were computed. These predictions were then modifiod depending on whether
the particular cost was expected to increase in cost at a Iowor rate than
inflation, At tho same rate, or at a higher rat «. Once al  of the costs
were calculated, they were combined to compute the annualised Iite-cyclo
cost for each engino-fuel combination being considered.	 Eighteen fuels
and 1:l onclines were used for the final evaluation.
In addition to the fuel  price predictions developed at JPL_, predict-
ions made by the U.S. Department of Energy and Data Resources, Inc. were also
used for comparison. Theso predictions were much more limited, using only
d i st i I l atea fool  and coal. The predictions, of cost vorsus time for the two
fuels And the three models are shown in Figure 0. The life-cycle casts
usinq these throe models are shown in Table 10. Although there are consid-
erablo differences between the predicted fuel prices, the life-cycIe costs
are reasonably closo. The ratio of the life-cycle cDst of the Diesel loco-
motivo to that of the coal-firod gas turbine locomotive for the three
models are very close,  with only a (4 difference betweon the high  and low
values. They life-cyclo cost is not overly sensitive to the details of the
fuel price predictions. The ether cost areas also show a similar insensi-
tivity. The absoluto do llar values will very widely, but the ratio of the
iife-cyclo costs for any two locomotives or fuels, tends to be nearly
constant.
Table 11 shows the life-cycle costs for 15 fuol^ used in a conventional
present dray Diesel engine modified as necessary to use the specific fuel.
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Table 10. Comparisons of Annualized Life-Cycle Costs Using JPL,
DOE, and DRI Fuel Projections
Conventional Diesel Using Distillate Fuel
Data Source	 Life-Cycle Cost
JPL	 $1,1758000
DOE	 1,293,000
DRI	 1,263,000
External Combustion Closed Cycle Gas Turbine Using Coal
Data Source	 Life-Cycle Cost
JPL	 $554,000
DOE	 648,000
DRI	 608,000
Ratio of Life-Cycle Cost for Distillate to that of Coal
Data Source	 Ratio
JPL	 2.12
DOE	 2.00
DRI	 2.08
Differences between the Life-Cycle Cost for Distillate and that of Coal
Data Source	 Difference
JPL	 $1,1750000 - 554,000 - $621,000
DOE	 1,293,000 - 648,000 - 6451,000
DRI	 1,263,000 - 608,000 - 655,000
Table 11. Rankinga of Fuels for Conventional Diesel Engines
by Annualized Life Cycle Costs
Annualized
Ranking	 Fuel	 Life-Cycle Cost
1 Oil	 shale syn-crude 51,0280000
2 Oil	 shale distillate 10,036,000
3 Propane 1,047,000
4 No.	 6	 fuel	 oil,	 low	 sulfur 1,090,000
5 Broadcut fuel	 oil 1,104,000
6 Coal	 derived gasoline 1,1140,000
7 N- Butane 1,137,000
8 Coal	 derived distillate 1,139,000
9 Methanol 1,150,000
10 Oil	 shale gasoline 10173,000
11 Diesel	 No. 2 1,175,000
12 Gasoline 1,215,000
13 Methane 1,232,000
14 Hydrogen 1,569,000
15 Ammonia 2,024,000
16 Ethanol 2,676,000
a All fuels used in conventional Diesels modified to ac:.::ept the fuei
and dual-fueled when needed.
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In some cases, a fuel tender must be used and Its costs are included.
Except for the last three fuels; hydrogen, ammonia, and ethanol, the rest
of the fuels are nearly the same in cost, differing from that of Diesel
No. 2 by less than 13%. Because the uncertainty of the calculation Is
probably near 10%, it can be concluded that the costs are basically equal.
The use of an alternative Iiquid fuel in an engine does not reduce costs but
does increase availability. Even if one fuel was in short supply, another
one might be available.
The ranking of 24 engine-fuel combinations are shown in Table 12. In
this table, there are marked differences in life-cycle cost, ranging from
a low of $523,000 to a high of $1,196,000. There are some engine-fuel
combinations which are higher but they are not economically attractive and
they have, therefore, not been included in these lists. One example is an
internal combustion gas turbine using ethanol. A first generation steam
engine using Diesel fuel is another. Oil-fired steam engines were used by
some railroads before the switch to Diesel engines. Today, the cost of
operating such an engine would be extremely high.
Four of the engine-fuel combinations in Table 12 are shown in Table 13
with the Iife-cycle costs broken down into the four main cost areas. The
present Diesel-electric locomotive using Diesel No. 2 is a high fuel cost,
low capital cost unit. At the other extreme, the closed cycle gas turbine
using coal is a low fuel cost unit with relatively high capital and mainte-
nance costs. 7h9 low fuel costs more than counterba!jnce the other costs
to a point where the closed cycle gas turbine locomotive has a life-cycle
cost less than half of that of the Diesel-elec tric unit. Table 13 is
useful in evaluating the sensitivity of the life-cycle costs to changes in
fuel or other costs. A doubling of coal prices relative to Diesel prices
would add $157,000 to the gas turbine life-cycle cost bringing it up to
$711,000.
The effect of a reduction in the locomotive usage per year can be
estimated from Table 13. The operating, maintenance, and fuel costs are
essentially linear functions of the locomotive usage. For the Diesel-
electric locomotive, a reduction of 50% in yearly usage as measured in
locomotive hp-hr at the rail would reduce the operating, maintenance, and
fuel costs by 50% from $1,032,000 to $516,000. The capital cost is unaf-
fected so the total life-cycle cost is $659,000 per year. The operating,
maintenance, and fuel costs for the gas turbine locomotive is $351,000.
Cutting the usage to half reduces these costs to $175,500 and the life-cycle
cost is then $378,500. The ratio of life-cycle costs of the Diesel to the
gas turbine was 2.12 and it declined to 1.74 when the yearly usage was cut
in half. The ratio approaches one when the ton-mileage is about 15% of
the origir_;l figure of 4,700,000 hp-hr at the rail per year. The coal-fired
locomotive is most cost effective in those applications where locomotives
use a lot of fuel but the total route usage is not enough to warrant elec-
trification. For switch engines and most branch line service, the Diesel
eng ine is the better choice.
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Substantial savings can be accrued by the use of coal-fired locomo-
tives in heavy duty service. The type of engine used in the coal-fired
locomotive has little effect on the life-cycle costs but has a secondary
effect on the amount of coal which has to be handled and the amount of ash
for disposal. The facilities required for fuel handling, fuel storage, and
waste disposal were not included in this study. They should be included in
future studies of coal-fired locomotives.
SUGGESTIONS AND RECOMMENDATIONS
One of the purposes of this study is to provide suggestions and recom-
mendations on areas where research and development efforts are needed. There
are six areas that warrant further investigation. They are:
(1) Partiaii, And fully adiabatic Diesel engines.
(2) Coal combustion systems for locomotives.
(3) Fuel cell requirements for locomotives.
(4) Synthetic hydrocarbon fuels.
(5) Operations.
(6) Emergency fuels.
Novel engine designs will be necessary to make the best use of the
adiabatic concept and of the present ceramics capabilities. Exhaust heat
recovery systems must be develo)ed if the adiabatic Diesel is to be used
to its fullest. Substantial government support will be required for these
engines because of the high risks and long development times involved.
The development of a clean and efficient coal combustion system has a
moderately high risk and a fairly long development time which will need
government support. Tnr rest of the locomotive, including the engine,
has a low risk and coui^. ^e funded by industry. The coal-fired locomotive
Is a project suited to joint government-industry i:ivolvement.
The fuel cell is not yet at a point where a demonstration project is
warranted. At this time, the research should be aimed at defining the
operating environment and the power requirements of the locomotive so that
they can be included in future fuel cell development. The next stage, the
development of a demonstration fuel cell locomotive could be started in
3 to 5 years provided methanol is, or appears to be, a viabl^ fuel and
that experience with large fuel cells like the New York and TOKyo instal-
lations is favorable.	 The fuel cell project, like the adiabatic Diesel,
should be primarily by government support.	 The risks are fairly high.
If existing Diesel engines are used in the 1990s and beyond, it will
be necessary to have a source of synthetic hydrocarbon fuels. That source
will probably be oil shale.	 Oil shale distillate is more suited to the
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medium speed Diesels such as those in locomotives than to the high speed
r,iesels in trucks and cars or to the gas turbine, in aircraft. The pro-
ducers of o 
I 
I shale fuels will need a stable market for their products
especially in the first few years of operation. The railroads are a logical
market. The oil shale fuel should be blended at first with Diesel No. 2
and only later he used as a straight fuel. The research necessary to
support such a program is probably within the realm of the railroad and
the oil shale industries with a minimum of government support.
Fuel savings are only partially related to the components in the loco-
motive. slow the locomotive is used is another area for savings. The rail-
roads have already made gains in fuel savings in the operations area and
are continuing to do so. Research into fuel savings through operational
changes are needed and are best accomplished by the railroad industry.
Fmergency fuels is an area, like operations, where much has already
been accomplished. The research in this area must be completed and docu-
mentation written so that the information is widely available. During the
next 10 years, until alternative ern?`ies and fuels are available, the
railroads will he extremely vulnerable to disruptions in their fuel supply.
The emergency fuels  couId alleviate  some of the effects of such disruptions.
CONCLUSIONS
The type of engine that will be used in locomotives of the future
depends almost entirely on the type and cost of the available fuel. Pet-
troIeum fuels are expected to be available for a numbe r of years but both
the cost and demand for these fuels will continue to rise. The demand for
muddle distillate fuels such as Diesel No. 2 will probably grow at a faster
rate than that of other petroleum fuels primarily because of the increased
use of Diesel powered automobiles in the U. S. and abroad. Coal is expected
to be readily available in the U. S. for many years and although coal prices
are expected to rise, they are not expected to rise as rapidly as the
petroleum fuel prices. Of the non-petroleum fuels, oil shale distillate
is the one most Iikely to be used in the next 20 years. !t appears to be
economically competitive at today's (early 1981) petroleum prices. Availa-
bility is still a problem because full scale commercial processing plants
have yet to be built. It is likely that they will be built during this
decade. Distillate fuel is suitable for medium speed Diesel engines and
the railroads may by the first large scale users c` this fuel. Methanol
from natural gas is also a Iikely fuel because the supply of natural gas
is much larger than it was thought to be 3 to 5 years ago. Methanol and
middle distillate fuel from coal are much further in the future with little
prospect of large scale commercial production be f ore the end of the
century.
The Diesel engino will be the dominant traction power source for the
railroad for, at least, the rest of the century. Blends of oil shale and
petroleum distillates will probably be used in the 1 990s and beyond the
year 2.000. Coal - fired IocomoiIves will probably be in service by the late
1980s and in qrowinq numbers in the 1990s. They are not expected, how-
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ever, to form more than 20% of the fleet within this cenlury. The engine
used with coal is expected to be some type of steam engine in the late
1980s gradually shifting to some form of gas turbine in the 1990s.
Beyond the ysar 2000, th(, fuel call and the adiabatic Diesel may enter
the fleet. In any case, the railroads can be expected to use a varie ty of
fuels and engines in service by the end of the century. This change from a
sinie fuel to multiple fuels will complicate operations but will also free
the railroads from dcoendinq on liquid fuels which will still dominate the
truck, aircraft, and passenger car transportation systems.
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